The effects of substituting Si by M 4+ cations in soda-lime silica glasses were analyzed by impedance spectroscopy in the frequency range of 1 Hz-1 MHz. The glass composition was (mol%) 22Na 2 O·8CaO·65SiO 2 ·5MO 2 , M = Si, Ti, Ge, Zr, Sn, and Ce. Although the Na + concentration in the glasses is constant, the Zr-containing glass exhibits the highest dc conductivity and the lowest activation energy, while the Ce-containing glass exhibits the lowest conductivity. The activation energies obtained experimentally agree with those obtained by a theoretical equation proposed by Anderson and Stuart. The differences in electrical conductivity presented by the several M-containing glasses are attributed to the effect that the M 4+ ion has on the mobility of the diffusing Na + ion.
Introduction
The electrical conductivity of silicate glasses is essentially due to the displacement of monovalent cations under the influence of an external electrical field. The magnitude of this conductivity, σ dc , depends on the concentration of the charge carriers, n, and their mobility, μ, according to [1] :
where q is the electrical charge of the carriers. The electrical conductivity of vitreous silica is of about 5 × 10 −12 S/cm at 300°C and it increases fast with increasing Na 2 O content, reaching a value of 3×10 −6 S/cm for 10 mol% of this oxide at the same temperature [2] . By further increasing the concentration of this modifier oxide, the electrical conductivity of the glass also increases but at a lower rate, reaching a value of about 3×10 −3 S/cm for a 50 mol% concentration. In this case, there is a change in the glass structure due to the increase of the modifier oxide concentration, which affects the mobility of the monovalent cation. Dutta et al. [3] performed electrical conductivity measurements in glasses in which the Na 2 O concentration, between 20 and 27.5 mol%, was substituted by CaO, and the SiO 2 concentration was held constant at 70 mol%. With increasing Na 2 O concentration the dc conductivity at 110°C increases from 2 × 10 −9 S/cm to 6 × 10 −8 S/cm, but at a faster rate for higher Na 2 O concentration. Therefore, the substitution of CaO by Na 2 O modifies the glass structure and increases the conductivity not only due to the higher Na + ion concentration but also due to an increase of the Na + mobility.
Moreover, one can ask about the behavior of the electrical conductivity if the concentration of monovalent cations is held constant although the glass composition is changed. Scholze [4] presented results where the concentration of SiO 2 is gradually substituted by another oxide, as for example, by CaO or MgO. In this case, the electrical conductivity decreases, even for a constant concentration of the Na + . In these cases, the role of those additional oxides in the glass structure is to reduce the number of cationic charge carriers that are able to move between adjacent vacancies under the action of the electrical field, or the mobility of the monovalent cation is also reduced. A similar study was performed by Gan et al. [5] in silicate glasses where the molar concentration of Na 2 O was held constant at 15% and the SiO 2 was substituted by another glass forming oxide. At 100°C the values of the electrical conductivity were in the range of 2.3 × 10 −6 and 1.5 × 10 −5 S/cm. For a glass with 70% of SiO 2 and 60%SiO 2 + 10%GeO 2 , the conductivity values were, respectively, 1.5 × 10 − 5 and 5.6 × 10 − 6 S/cm. According to the authors, the size of the interspaces in the glass network structure influences the ionic mobility, changing therefore the conductivity, even for a constant charge carrier concentration.
In the present work, the influence of tetravalent cations, Ti, Ge, Zr, Sn and Ce, on the electrical conductivity of soda-lime-silica glasses was analyzed. The SiO 2 of a soda-lime glass was partially substituted by the same molar concentration of the oxides of those cations and the nominal concentration of Na cations was maintained constant. The objective was to analyze the influence of each of those cations on the structure and on the electrical conductivity of the glasses, focusing on the change of the effective charge carrier concentration and on their mobility. The ac measurements were performed at several temperatures, thereby enabling to calculate the activation energy for the electrical conductivity.
Theoretical background
A glass sample under the action of a periodically changing electric field with angular frequency ω is generally represented by an ideal capacitor, C, in parallel with an ideal resistor, R [6, 7] . The resistor is related to the energy dissipated due to the applied time-varying electric field. For the case where the electrical field is sinusoidal, the ratio between the applied voltage and the corresponding electrical current in a parallel RC circuit is the complex impedance:
where
is the complex conductivity, and l and A are the sample thickness and the electrode area, respectively. The ratio between Z′ and Z″ is the dissipation factor:
where δ =90°− θ, and θ is the phase angle between the applied voltage and the electrical current. The real part of the electrical conductivity, σ′, is calculated using Eq. (2), once the Z′ and Z″ values are obtained during the measurements. The σ′ values are temperature and frequency dependent. Generally, for most materials the value of σ′ at a fixed temperature presents a constant value in some frequency range, which has been designated as the dc regime of the electrical conductivity. In this situation, σ′ = σ dc .
The σ dc values can also be determined from the −Z″ × Z′ plots. The Z′ value for Z″ = 0, in the low frequency range, gives the R value of the sample and therefore σ dc = (1/R) (l/A). This analysis procedure gives, however, higher uncertainties for the electrical conductivity in the low temperature range, where the impedance of the sample is near or higher than that of the input impedance of the spectrometer.
Plots of log σ dc as a function of the inverse of the absolute temperature, T −1 , can be fitted by straight lines and the activation energy for the dc electrical conductivity, E σ , is then calculated by the Arrhenius equation:
where the pre-exponential factor, σ 0 , would represent the conductivity at very high temperatures.
Experimental procedure
Glasses with composition (mol%) 22Na 2 O·8CaO·65SiO 2 ·5MO 2 , M = Si, Ti, Ge, Zr, Sn, Ce were obtained by melting appropriate quantities of sodium and calcium carbonates, quartz sand, and oxides of the other tetravalent cations. The melting was performed in a platinum crucible in an electric furnace at a temperature of up to 1450°C. The batch was poured onto a stainless steel plate and quenched in water, crushed, and remelted. This protocol was repeated up to 4 times to ensure homogeneity of the final glass. After the last pour, the glass was transferred to a preheated furnace at 600°C. Few minutes later, this furnace was turned off and the glass was allowed to slowly cool down to room temperature in order to assure that the glass samples were well annealed. Transparent and homogeneous glasses were obtained, and only the Sn-and Cecontaining glasses exhibited a light amber color. By dilatometric measurements the glass transition temperature of these glasses were determined to be between 515 and 580°C. Glass samples submitted to thermal treatment at 590°C for 24 h presented few small surface crystals, indicating that these glasses offer high resistance to devitrification.
The density of the glasses was determined by the Archimedes principle, using distilled water as immersion fluid and an electronic balance with uncertainty of 10 −4 g. The samples were cut, lapped and finally grinded with 1000 mesh SiC on an aluminum flat disc. Parallel surfaces were obtained, but they were kept slightly rough to allow a better adhesion of the metallic electrodes. The samples had a thickness of about 1.0 mm and approximate surface area of (15×15) mm 2 . Gold electrodes with 10.0 mm in diameter were deposited by sputtering or evaporation. The glass samples were adjusted in a specially designed sample holder, which was then placed in a tubular vertical electrical furnace. The temperature measure was made using a type K (chromel-alumel) thermocouple with the measuring junction placed close to the sample and the cold junction was immersed in an ice bath. This compensation technique was used to assure a more accurate temperature value of the sample. A Solartron impedance analyzer, mod. 1260A, was employed for the electrical measurements. The device was interfaced with a personal computer through suitable hardware and software. The Z′ and Z″ values were obtained in the frequency range of 1 to 10 6 Hz and for temperatures between 90 and 420°C, below the glass transition temperature. Plots of the complex impedance (−Z″×Z′) and log σ′×log f (f =ω/2π) were analyzed to determine the dc electrical conductivity of the glasses. Table 1 shows the density and the molar volume of the glasses. Based on the nominal composition, the Na + concentration in each glass was calculated and the mean distance between the nearest Na + sites, r Na-Na , could be estimated.
Results
The -Z″ × Z′ plots of the glass with M = Si at different temperatures are shown in Fig. 1 . The results obtained for lower temperatures are very noisy due to the high resistance of the sample, resulting in such low electrical current that the equipment was unable to properly perform the measurements. For instance, the resistance of the sample at T = 90°C is of about 53 MΩ (Z′ value for Z″ = 0). The semicircles of these plots are better defined for temperatures higher than 150°C. With increasing temperature the semicircle intercepts the abscissa at even lower Z′ value, showing that the conductivity σ′ increases, according to Eq. (2). At temperatures higher than 180°C, straight lines appear in the low frequency range of the plots and their slope is nearly the same for all temperatures. Simultaneously the apex of the semicircle, where |−Z″| is maximum, occurs at even higher frequencies and the high frequency data shift to larger Z′ values. Fig. 2 shows a superposition of complex plots of all the M-containing glass samples at a same temperature (~180°C). In this case a comparison between the results can be made since the l/A ratio in Eq. (2) is the same for all the samples. The Zr-containing glass shows the smaller semicircle radius, while the glass with Ce shows the highest one and has therefore the lowest conductivity. This behavior is similar for all samples at every measured temperature. Fig. 3 shows the dependence of the Z′ and Z″ with the frequency and temperature for the Si-containing glass. At low temperatures the data are highly scattered due to the very high resistance of the sample. For temperatures higher than 120°C a peak in the Z″ plots Table 1 Density and molar volume of the glasses, their corresponding Na + concentration and the estimated mean distance between the Na + sites, r Na-Na . is observed, which occurs in the same frequency range where the Z′ curve has an inflection. This peak is related to the relaxation frequency, f r , of the mobile cations, and it displaces to higher frequencies with increasing temperature, characteristic of a thermally activated process. This peak indicates the frequency at which Z″ is maximum and is therefore directly related to the apex of the semicircle in the −Z″ × Z′ plots. With increasing temperature, both Z′ and Z″ values increase sharply with decreasing frequency due to the electrode polarization effect.
Using Eq. (2), the real part of the electrical conductivity, σ′, can be calculated for each frequency since Z′ and Z″ are known for the whole frequency range. Log-log plots of σ′ versus f for several temperatures are presented in Fig. 4 . The electrical conductivity increases with rising temperature for each fixed frequency. In the middle frequency range, the conductivity is nearly constant and is therefore denominated as the dc regime of the electrical conductivity. With increasing frequency and lower temperatures the conductivity increases according to the σ′ ∝ω n law, as also observed for other non-metallic materials [8] . For higher temperatures and in the low frequency range, a decrease in the conductivity is observed, which is attributed to the electrode polarization effect. Similar behaviors were also observed for the other M-containing samples. Fig. 5 shows the log σ dc × T −1 plot for the Si-containing glass using results of the σ dc values obtained from the −Z″ × Z′ plots ( Fig. 1 ). Similar semi-log plots were obtained for the other glasses. The data could be well fitted by straight lines, showing that the electrical conductivity is a thermally activated process, and the activation energy, E σ , was calculated by the Arrhenius equation (Eq. (5)). The values obtained from the −Z″ × Z′ plots for each of the M-containing glasses are presented in Table 2 . The pre-exponential factors, σ o , were calculated from the intercept term of the fitted line equations and are also shown in Table 2 . Values of E σ calculated using the σ dc values obtained from the log σ′ × log f plots present a difference of about 1% with respect to the results in Table 2 . This difference is within the experimental error.
The bar plot in Fig. 6 compares the E σ values (Table 2) for the glasses. The lower and higher values were obtained for the Zr-and the Ce-containing glasses, respectively, indicating that the presence of the tetravalent cations in the glass composition affects the electrical conductivity behavior, although the concentration of Na + cations is almost the same for all the glasses (Table 1) .
Discussion
The SiO 2 and GeO 2 are well known glass former oxides. Consequently, the Ge-containing glass is expected to have almost the same characteristics as the Si-containing glass. This explains the close values of the activation energies of both glasses. On the other hand, the TiO 2 , ZrO 2 , SnO 2 and CeO 2 are classified as modifier or intermediate oxides, depending on the criterion adopted [9] . The M 4+ ions of these oxides have coordination numbers ranging between 6 and 8 and the single M\O bond has a binding energy ranging between 46 and 73 kcal/mol [10] (based on the enthalpy of formation [11] , the binding energy of Ce\O bond was determined to be 60 kcal/mol), which are higher that the Ca-O binding energy of 32 kcal/mol [10] . Therefore, these cations are unable to diffuse in the bulk glass under the action of an alternating and low intensity electric field. Thus the conductivity in these glasses is attributed solely to the Na + ions.
The interesting situation is that the electric resistance (the value of Z′ at Z″ = 0 in the low frequency range) of the Ce-containing glass is considerably higher than that of the other glasses, as observed in Fig. 2 . This can be attributed to the fact that the Ce cation blocks the displacement of the more mobile Na + ions, in a same way as the Ca 2+ ions do in the main soda-lime-silica glasses [4] .
On the other hand there are the Ti-, Zr-and Sn-containing glasses that always have higher conductivity values (Fig. 2) and lower activation energies (Fig. 6 ). The oxides of these cations, at low concentrations, may act as glass forming oxides, resulting in a structure that favors the displacement of the Na + ions between their vacancies in the glass structure. More specifically, the doorway between neighboring sites is easier to be crossed by the Na + ions. Another explanation can be related to the higher available volume in these glasses, such as for chilled glasses, which generally present higher conductivity than the corresponding well annealed glasses. If one considers the available volume fraction to be the same as the free volume fraction defined by Shelby [1] 
where V x and V g are the molar volumes of the crystalline form and of the glass, respectively, a mean V f value of (0.494 ± 0.005) is obtained for all glass compositions. The V x /V g ratio is the atomic packing density, C g , defined by Makishima and Mackenzie [12] . For these glasses the C g ≅ 0.5 value was obtained using the experimental results of the glass densities (Table 1 ) and the ionic radii presented by Shannon [13] . Therefore, since the free volume is closely the same for all M-containing glass compositions it is unable to explain the pronounced differences of the measured electrical conductivities.
According to Table 1 , the Na concentration in all glasses ranges between 11.06 × 10 21 cations/cm 3 for the Ge-containing glass and 11.26 × 10 21 cations/cm 3 for the Sn-containing glass, a difference of about 2%. Consequently, one would expect that the conductivity of the glass with Ge would be the lowest one, but the present measurements show that the conductivity of the Ce-containing glass, with 11.18 × 10 21 Na + /cm 3 , is the lowest one, while the Zr-containing glass shows the highest conductivity, although it has the same Na concentration as the glass with Ce. This gives rise to some considerations about the general expression for the electrical conductivity, given by Eq. (1), concerning the concentration, n, and the mobility, μ, of the Na + ions in the glasses. The q value is unaffected by the temperature, while the n and/or μ have to be temperature dependent, since the electrical conductivity presents a pronounced temperature dependence. The glasses have a defined concentration of Na + ions, but only a fraction of it can overcome the potential barrier between 2)) is the same for all samples.
Table 2
Activation energies for the dc electrical conductivity, E σ , and the pre-exponential factors, σ o , by fitting the σ dc (T) values obtained from the −Z″ × Z′ plots (Fig. 1) . neighbor sites at a given temperature. With increasing temperature, a greater number of such cations will have a higher probability to overcome these barriers. Anderson and Stuart [14] proposed that the activation energy for the ionic conduction is the contribution of two terms: the binding energy of the cationic charge carriers and the network strain energy. The electrostatic cation-oxygen binding energy, or the mean high of the potential barriers, can be expressed by:
where k = (4πε o ) −1 , ε o being the vacuum permittivity, z and z o are the valence of Na + and O 2− ions, q is the fundamental electric charge, r and r o are the Na + and O 2− ionic radii, β is a finite displacement factor given by (2.1 − r)/3.5, and γ is a parameter that accounts for the deformability of the oxygen anion and its value is nearly equal to the dielectric constant of the glass. The second energy term, the strain energy, E s , is related to the diffusion mechanism of the mobile cations and it involves the dilating of the doorway of radius r D between the neighbor sites that can accommodate the cation. The expression for this term was proposed to be [14] :
where G is the shear modulus of the glass. Therefore, the activation energy for the electrical conductivity is E σ = E b + E s . Taking the values k = 9.0 × 10 9 Nm 2 /C 2 , z =1, z o = 2, q = 1.60 × 10 −19 C, r = 1.02 Å [13] , r o = 1.35 Å [13] , β = 0.31, γ ranging between 5 and 7, G = 28 GPa (applying the ultrasonic pulse-echo technique [15] to the glasses), and r D = 0.6 Å [14] , one obtain E σ values between 0.77 eV (γ = 7) and 0.99 eV (γ = 5). These values are in good agreement with those obtained experimentally (Table 2) , although they are very sensitive to the β, γ and r D values. The increase in r D will decrease the E s term, resulting in a reduction of the E σ value and an increase of the conductivity. Nevertheless, the Anderson and Stuart approximation can be used to estimate the activation energy for the electrical conductivity of glasses with composition near to that studied in the present work. In the present study, the r D value of the glass is expected to increase with the substitution of Si by Zr cations, reducing the E σ value, while the presence of Ce in the glass should reduce the r D , thus increasing the E σ value. Hence, the substitution of Si by the M 4+ cations affects the r D values, which is related to the mobility of the Na + ions in the glass structure.
Conclusion
Results of electrical conductivity measurements of soda-lime glasses containing different MO 2 oxides, in substitution of SiO 2 , were presented. Even with this substitution the concentration of Na cations was kept almost constant in the glasses. However, the presence of Zr increases the electrical conductivity of the glass in comparison to the Si-containing glass, while the glass with Ce presents the lowest conductivity. Therefore, it can be concluded that the substitution of Si by other tetravalent cation affects the mobility of the Na + ions in the sense that the doorway size between adjacent sites is changed. The Ce cation blocks the diffusion of Na + ions and the glass becomes more resistive, while ZrO 2 acts as a glass former hence increasing the doorway size and resulting in a higher mobility of the Na charge carriers. The glasses containing Ti, Zr and Sn present the higher conductivities and the lowest activation energies in comparison to that of the Si-containing glass. Finally, the activation energies obtained experimentally agree well with the values obtained by the Anderson-Stuart equation, showing that the activation energy for the electrical conductivity involves a Na-O binding energy term and a strain energy term that is related to the Na diffusion between neighbor sites. 
